It was previously shown (Paddenberg et al (1996) Eur J Cell Biol 69, 105 ± 119) that cells of established lines like NIH3T3 fibroblasts and the human pancreatic adenocarcinoma PaTu 8902 line only degrade their chromatin at internucleosomal sites after an apoptotic stimulus when infected with Mycoplasma hyorhinis. In order to distinguish mycoplasma nucleases (M r 47 ± 54 kDa) from already described eukaryotic apoptotic enzymes, the mycoplasma nucleases were partially purified from serum-free culture supernatants and further characterized. Here we demonstrate directly that the enriched mycoplasma nucleases were able to fragment the DNA of nuclease-negative substrate nuclei at internucleosomal sites. The DNA degradation was accompanied by morphological changes typical of apoptosis like chromatin condensation and margination followed by shrinkage of the nuclei. The biochemical characterization revealed that the mycoplasma nucleases had a neutral to weakly basic pH-optimum. They required both calcium and magnesium in the mM range for maximal activation and were inhibited by zinc chloride, EGTA and EDTA. In two dimensional zymograms they migrated as three spots with isoelectic points between 8.1 and 9.5. They were not inhibited by monomeric actin. Our data also demonstrate that nuclear extracts prepared from nuclei isolated from Mycoplasma hyorhinis infected cells contained the mycoplasma nuclease activities leading to their internucleosomal DNA-degradation after incubation in the presence of calcium and magnesium.
Introduction
Particular endonuclease(s) are believed to hydrolyse the cellular chromatin during apoptosis at internucleosomal sites (Wyllie, 1980) . Because of the action of this enzyme, extracted DNA of apoptosing cells gives the socalled DNAladder after electrophoresis in agarose gels. Considerable efforts have been made to identify the apoptotic endonuclease(s). Cell culture systems are widely used to investigate the morphological and biochemical changes accompanying apoptosis and have also been employed in attempts to identify the apoptotic endonuclease(s). A Ca 2+ /Mg 2+ -dependent endonuclease is considered the most likely candidate for the apoptotic nuclease (Wyllie et al, 1980; Cohen and Duke, 1984; Arends et al, 1990; Peitsch et al, 1993) . In addition, nucleases with different ionic requirements have been described (for review see also Peitsch et al, 1993) . For example, a Mg 2+ -dependent, Ca 2+ -independent endonuclease has been detected in nuclei isolated from the myeloid cell lines P39, HL60 and KG-1 (Kawabata et al, 1993 (Kawabata et al, , 1997 , and nuclear extracts of the murine fibroblast cell line NIH3T3 exhibit a Ca 2+ -dependent endonuclease activity (Ucker et al, 1992) .
The existence of two different regulatory mechanisms have been proposed for the apoptotic endonuclease: (i) Internucleosomal DNA degradation is blocked by inhibition of protein synthesis indicating that the expression of the nuclease ± or regulatory factors ± occurs only after induction of apoptosis (Cohen and Duke, 1984; Martin et al, 1988) ; (ii) DNA fragmentation takes place even in the presence of inhibitors of protein synthesis (Martin et al, 1990; Martin, 1993) . In this case, the nuclease is assumed to be constitutively expressed, but kept somehow in à harmless' state possibly by storage in extranuclear compartments or within the nucleus by complexation with yet unknown inhibitory factors. Apoptotic DNA fragmentation would be the result of a translocation or activation process of the enzyme. In both cases the apoptotic nuclease is synthesized by the cell undergoing apoptosis.
However, we have recently shown that nucleases catalysing an internucleosomal DNA degradation can also be provided by contaminating mycoplasmas ± cell wall-free bacteria of the class Mollicutes ± when using established cell lines. If this is the case, the expression of these nucleases is not suppressed by inhibitors of eukaryotic protein synthesis, but by inhibitors of prokaryotic protein synthesis .
Contamination of cell cultures with mycoplasmas is not a negligible phenomenon. Whereas in the beginning of the eighties contamination rates of about 15% have been published (McGarrity, 1982; Lang, 1985) , at present rates of up to 85% have been estimated due to more sensitive detection systems (Rottem and Barile, 1993; Rawadi and Dussurget, 1995) . This means that an alarming high number of laboratories either works unwittingly with cell cultures contaminated with mycoplasmas or just takes no notice of this fact.
One class of proteins synthesized by mycoplasmas are endonucleases. Up to now, very little is known about these enzymes. Since mycoplasmas lack the biosynthetic capacity for de novo synthesis of nucleotide precursors, it has been proposed that they use these nucleases to acquire precursors for DNA synthesis. Localization studies have revealed that DNA degrading activities can remain associated with the membrane of intact bacteria (Minion et al, 1993) or they can be secreted into the extracellular space (Tyron and Baseman, 1992) .
Nucleases in the molecular mass range of 47 ± 54 kd have previously been detected in supernatants, cell homogenates and nuclear extracts of cultures of the human pancreatic adenocarcinoma cell line PaTu 8902 infected with M. hyorhinis . In contrast, non-infected cultures were nuclease negative. Here we extended our previous study and demonstrated directly that partially purified mycoplasma endonucleases were able to cleave the chromatin of substrate nuclei at internucleosomal sites. To this aim, the mycoplasma nucleases were further purified from serum-free supernatants by ion-exchange chromatography. When incubated with nuclei isolated from non-infected cells, the enriched endonucleases induced the formation of a DNA ladder and morphological alterations typical of apoptosis like DNA condensation and margination at the nuclear periphery followed by shrinkage of the nuclei. The enriched mycoplasma endonucleases were further characterized in order to facilitate their distinction from eukaryotic apoptotic nucleases.
Results
Comparison of the nuclease activities in supernatants, cell homogenates and nuclear extracts of Mycoplasma hyorhinis-infected PaTu 8902 cells
In cell cultures, most mycoplasma species ± M. hyorhinis inclusive ± grow as surface parasites which are attached to the plasma membrane of the host cell by adhesins (Razin and Jacobs, 1992) . Under these conditions, mycoplasmas are able to produce relative large amounts of nucleases. Using the zymogram technique, cell homogenates, nuclear extracts and culture supernatants of M. hyorhinis-free and -infected cultures of the human pancreatic adenocarcinoma cell line PaTu 8902 were used to compare the distribution of these nuclease activities ( Figure 1A ). In order to distinguish bands caused by nuclease catalysed DNA-degradation from those due to mere DNA-binding, the zymogram gels were soaked in 1% SDS and subsequently restained with ethidium bromide ( Figure 1B ). Using this technique, a number of weak bands in the range of 35 ± 40 kDa, which were detected in all cell homogenates and nuclear extracts, were identified as being caused by DNA-binding proteins. However, none of the A B C Figure 1 Detection of nuclease activities in various fractions of mycoplasmafree (lanes 1 ± 4) or M. hyorhinis-infected (lanes 1' ± 4') cultures of PaTu 8902 cells. Ethidium bromide (A, B) and Coomassie blue stained zymogram (C) of culture supernatants (lanes 1, 1'), serum-free culture supernatants (lanes 2, 2'), cell homogenates (lanes 3, 3'), nuclear extracts (lanes 4, 4') and culture medium (C). 10 ml supernatant or 60 mg protein were applied for each lane. To identify`false' positive bands in (A), the zymogram was soaked in 1% SDS for 4 h to remove DNA binding proteins and subsequently stained again with ethidium bromide (B). M: molecular mass markers in kDa as indicated fractions prepared from non-infected cells exhibited nuclease activities ( Figure 1B, lanes 1 ± 4) . In contrast, all fractions of mycoplasma-infected cultures contained nuclease activities with molecular masses in the range of 47 ± 54 kDa ( Figure 1B , lanes 1' to 4'). Cell culture supernatants exhibited considerably higher nuclease activities than cell homogenates or nuclear extracts. For example, in the zymogram shown in Figure 1 , we applied about 1/200 of the total culture supernatant and 1/50 of the total cell homogenate from one culture dish (35 mm in diameter). The intensity of the nuclease activity bands differed between the various fractions. In the supernatant we detected three hardly separated bands of which the lowest (47 kDa) exhibited the highest nuclease activity. Identical nuclease activities were also detected in serum-free supernatants. Cell homogenates and nuclear extracts contained three well separable nuclease bands; the 47 kDa band again exhibited the highest nuclease activity. In contrast to DNase I, the mycoplasma nuclease activities were not reduced by addition of reducing agents like DTE or DTT. Figure 1C gives the zymogram gel after protein staining with Coomassie blue indicating that identical amounts of cellular and nuclear protein had been applied. Since the nuclease activity was not increased in nuclear extracts, we assume that the nucleases were not concentrated within the nuclei but transferred into this fraction during their isolation.
Induction of apoptosis leads to an increase in nuclease activity in homogenates of mycoplasmainfected cells Inhibition of protein synthesis by cycloheximide is known to induce apoptosis in a number of cell systems (Martin et al, 1990; Martin, 1993) . Using morphological criteria, we had found that this is also true for PaTu 8902 cells . Therefore we employed cycloheximide treatment of PaTu 8902 cells to compare the amount of nuclease activity in cell homogenates of control and apoptotic cells. In these experiments attached and detached cells were analyzed separately (Figure 2 ). Zymogram analysis revealed that the homogenates of mycoplasma-free cultures were nuclease negative even after exposure to the apoptotic stimulus ( Figure  2A ). In contrast, cell homogenates of contaminated cultures exhibited nuclease activities ( Figure 2B ). Homogenates of detached cells from infected cultures showed a clear increase in the mycoplasmal nuclease activity after induction of apoptosis that correlated with the cycloheximide concentration employed. In contrast, the amount of mycoplasmal nuclease activity in the homogenates of attached cells was independent to the cycloheximide concentration or exhibited a weak increase.
Ca
2+ /Mg 2+ -induced DNA ladder formation is restricted to nuclei isolated from mycoplasmainfected cells Isolated nuclei are often used to verify the presence or activation of apoptotic endonucleases. To this aim, nuclei are incubated in presence of calcium and magnesium with or without addition of cell homogenates. Subsequently the extracted DNA is examined by agarose gel electrophoresis for the formation of a DNA ladder which is considered to be indicative of the presence of endo-or exogenous Ca 2+ /Mg 2+ -dependent apoptotic endonuclease(s).
In similar experiments we compared nuclei isolated from infected and non-infected cells. In the presence of calcium and magnesium, the DNA of nuclei isolated from mycoplasma-infected cultures was cleaved into multiples of 200 base pairs. This DNA ladder formation was suppressed in EDTA containing buffer. In contrast, the A B Figure 2 Zymogram of cell homogenates of cycloheximide treated M. hyorhinis-free (A) and -infected PaTu 8902 cells (B). Adherent (lanes 1 ± 3) and detached (lanes 4 ± 6) cells were handled separately. The cells were either untreated (lanes 1, 4) or exposed to 1 mg/ml (lanes 2, 5) or 5 mg/ml (lanes 3, 6) cycloheximide for 48 h. Per lane 20 mg cell homogenate were applied. M: molecular mass markers in kDa as indicated DNA of nuclei isolated from non-infected cells kept its high molecular weight organization under both conditions ( Figure  3 ). The small amount of DNA detected in these cases was caused by the low solubility of undegraded DNA (the DNA formed unpipettable plugs which were not transferable into the gel pockets). However, addition of partially purified mycoplasma nucleases to these nuclei induced the formation of a DNA-ladder ( Figure 3 ). These results suggest that the mycoplasma nucleases present in the nuclear extracts of infected cells ( Figure 1 ) were indeed responsible for the Ca 2+ /Mg 2+ -dependent DNA cleavage.
Partial purification of mycoplasma nucleases
As shown in Figure 1 , supernatants of M. hyorhinis-infected cells contained high amounts of nuclease activities. These endonucleases were also present in supernatants of infected cells kept under serum-free conditions. Since serum deprivation is known to induce apoptosis in a number of cell systems, we analyzed the viability of the used PaTu 8902 cells cultured in the presence or absence of serum by using the MTT-test. This assay quantitates the conversion of the water soluble MTT into the insoluble purple formazan that is catalysed by mitochondrial dehydrogenases of living cells. Using this test, we detected no difference in viability of serum containing to deprived cultures (DOD 570 nm with serum: 2.8; without serum: 2.7). Microscopical analysis of serum deprived PaTu 8902 cultures revealed a reduction in the number of adherent cells by 10%, but no obvious increase in the number of detached cells (data not shown) indicating that serum removal reduced the rate of proliferation, but did not induce apoptosis.
In order to reduce the contamination by unrelated proteins, serum-free supernatants were used as source for attempts to further purify these enzymes under native conditions. The best separation protocol found was cation exchange chromatography using a S Sepharose Fast Flow column ( Figure 4A ). Bound proteins were eluted with a linear Figure  4B ). The nuclease activity eluted in a single peak at 350 mM NaCl. However, no clear separation of the three nuclease entities was achieved. Analysis of the fractions collected by SDS ± PAGE followed by silver staining did not reveal any protein bands at all (not shown, see also Figure 1C ).
Internucleosomal DNA fragmentation in isolated nuclei by partially purified mycoplasma nucleases Nuclei isolated from MCF-7 cells were used as substrate to examine the time dependent DNA degradation catalysed by the partially purified mycoplasma endonucleases ( Figure 5 ). Isolated nuclei were incubatd with mycoplasma nucleases in buffers containing 2 mM CaCl 2 and 2 mM MgCl 2 or 2 mM EDTA. Control incubations were performed in the absence of nucleases. Under all conditions the DNA was intact at time zero; it formed highly viscous plugs and was not transferable into the gel pockets. After 1 h of incubation at 378C in the presence of mycoplasma nucleases as well as Ca 2+ and Mg 2+ -ions, most of the DNA was degraded into high molecular weight fragments and a small fraction into multiples of 200 bp. DNA-ladder formation was more apparent after 3 h. After 24 h of incubation, the DNA was completely hydrolysed into oligonucleosomal fragments. Incubations in the presence of EDTA resulted in no detectable DNA-degradation ( Figure 5 ) indicating that the mycoplasma endonucleases are Ca 2+ / Mg 2+ -dependent enzymes. Control incubations in the presence of Ca 2+ and Mg 2+ -ions, but in absence of mycoplasma nucleases resulted in the degradation of negligible amounts of DNA into high molecular weight fragments detected as smear or faints bands just underneath the gel pockets demonstrating that the isolated nuclei contained an endogenous nuclease activity only able to form large DNA-fragments ( Figure 5 ).
Interestingly, incubation of isolated nuclei under identical conditions with increasing amounts of bovine pancreatic DNase I resulted in the formation of high molecular mass fragments at low and small fragments at high DNase I concentration after an overnight incubation at room temperature ( Figure 6 ).
Mycoplasma nucleases induce morphological nuclear changes comparable to those described for apoptotic cells
In order to investigate whether the internucleosomal DNA cleavage by mycoplasmal endonucleases was accompanied by apoptotic morphological changes, isolated nuclei were incubated with enriched mycoplasma nucleases, stained with the DNA binding fluorescence dye Sytox and subsequently analyzed by confocal laserscan microscopy. The data obtained demonstrate that incubation of nuclei isolated from PaTu 8902 cells resulted in morphological changes comparable to those observed in apoptotic cells: The nuclei shrunk, the DNA condensed and formed plaques at the inner nuclear membrane ( Figure 7B ). In contrast, control nuclei incubated without nucleases exhibited a homogenous DNA staining ( Figure 7A ).
Ionic requirements of mycoplasma nucleases
Photometric analysis using double stranded native calf thymus DNA as substrate allowed quantitative estimations of the nuclease activity. Therefore this method was employed for the further characterization of the ionic requirements of the enriched mycoplasmal endonucleases. We found that neither calcium nor magnesium alone were sufficient to induce DNA degradation ( Figure 8A ). Nuclease activity, i.e., DNA degradation was only seen in the presence of both ions. Maximal activity was obtained at an equimolar ratio of these ions or in the presence of an excess of magnesium over calcium ions, whereas an excess of calcium resulted in reduced activity. In the presence of calcium, magnesium could partially be replaced by manganese ( Figure 8B) ; then only about 30% of the maximal activity was obtained. Under both conditions (CaCl 2 + MgCl 2 or CaCl 2 + MnCl 2 ), the DNA was cleaved at internucleosomal sites ( Figure 5 and not shown).
However, compared to physiological conditions the ionic concentrations used in these experiments represent extreme points or even exceed them: The average concentrations of both calcium and magnesium in the extracellular space amount to 1 ± 2 mM, whereas inside the cell their concentrations are in the range of 0.1 mM for Ca 2+ -and 0.5 ± 1 mM for Mg 2+ -ions. Therefore we investigated the mycoplasma nuclease activity at more physiological ionic conditions, i.e., in the presence of 1 mM MgCl 2 combined with CaCl 2 -concentrations ranging from 0.1 mM to 1 mM. As shown in Figure 8C , clear DNA degradation occurred only under extracellular ionic conditions of 0.1 to 1 mM CaCl 2 . This indicates that internucleosomal DNA degradation by mycoplasma nucleases required an extreme increase of the intracellular calcium concentration either by release from intracellular stores and/or a shift from the extracellular space.
Several Ca 2+ /Mg 2+ -dependent and other endonucleases are characterized by an inhibition by ZnCl 2 (Gaido and Cidlowski, 1991; Peitsch et al, 1993) . This is also true for the mycoplasma nucleases: In the presence of 10 mM ZnCl 2 , the activity was reduced to about 10% of control ( Figure 8D ). As expected, the Ca 2+ /Mg 2+ -stimulated nuclease activity was also inhibited by 100 mM EGTA or EDTA (not shown).
pH dependence of the mycoplasma nucleases
A number of different candidate endonucleases responsible for the apoptotic DNA degradation have been proposed: (i) Enzymes which develop their maximal activity at acidic pH like DNase II (Barry and Eastman, 1993; Gottlieb et al, 1996) or nuc-1 of Caenorhabditis elegans (Hevelone and Hartman, 1988 ) and (ii) enzymes which need neutral or weakly basic conditions for activation like the Mg 2+ -dependent endonuclease detected in various myeloid cell lines (Kawabata et al, 1993) , DNase d of rat thymocytes (Shiokawa et al, 1994) , NUC18 (Gaido and Cidlowski, 1991) or DNase I (Peitsch et al, 1993) .
As estimated by the photometric assay using double stranded native DNA as substrate, the mycoplasma nucleases exhibited their highest DNA degrading activity at pH 7.8 to 8.0 and about half maximal activity was obtained at pH 6.0 and pH 9.0 (Figure 9 ). Comparable data have been described for endonucleases detected in extracts of the mycoplasma species M. arthritidis, M. pneumoniae and Acholeplasma laidlawii (Pollack and Hoffmann, 1982) .
Two dimensional zymogram analysis of partially purified mycoplasma nucleases
Isoelectric focusing in a pH gradient of 3 ± 10 followed by separation in a DNA containing 12% SDS-polyacrylamide gel was used to estimate the isoelectric point (IP) of the Figure 5 Time dependent progression of DNA degradation in isolated MCF-7 nuclei by partially purified mycoplasma nucleases. MCF-7 nuclei were incubated in the presence of 2 mM EDTA (lane 1), 2 mM CaCl 2 /2 mM MgCl 2 (lane 2), 2 mM EDTA+5 ml partially purified mycoplasma nucleases (lane 3) or 2 mM CaCl 2 /2 mM MgCl 2 +5 ml partially purified mycoplasma nucleases (lane 4). Incubation times at 378C were as indicated. Molecular mass markers in kbp as indicated Apoptotic mycoplasma endonucleases R Paddenberg et al mycoplasma nucleases. As shown in Figure 10 , the partially purified mycoplasma nucleases migrated in at least three spots with IPs between 8.1 and 9.5. Therefore they differed distinctly from bovine pancreatic DNase I whose isoenzymes exhibit IPs in the range of 3.5 ± 4.0 (Yasuda et al, 1989) . Up to now we do not know whether the nucleases of different molecular mass were caused by different proteins or by modifications of only one protein. Since the mycoplasma nucleases are of bacterial origin, differences in the glycosylation pattern can be excluded.
Influence of actin-gelsolin segment I complexes on nuclease activity
The inhibition by G-actin is a property specific for DNase I (Lazarides and Lindberg, 1974; Mannherz et al, 1975) . Therefore, we compared the effect of this protein on the activity of bovine pancreatic DNase I and the mycoplasma nucleases. Since the mycoplasma nucleases were eluted from the S Sepharose Fast Flow column in a buffer containing 350 mM NaCl and since G-actin polymerizes in presence of high salt, we employed for these experiments the 1 : 1 complex of G-actin and gelsolin segment 1. Within this complex actin is stabilized in its G-form without loss of its DNase I inhibitory capacity. As shown in Figure 11 , the endonucleolytic activity of DNase I was drastically reduced in the presence of 70 mM actin-gelsolin segment 1, i.e., at a molar ratio of DNase I and the complex of 1 : 23. Although the employed amount of mycoplasma nuclease activity was only about 1/7 of that of DNase I as tested by the photometric assay, no inhibitory effect by the actin-segment 1 complex was obtained under otherwise identical conditions.
Discussion
Apoptotic cell death is characterized by morphological changes like cell and nuclear shrinkage and fragmentation as well as by biochemical alterations like the degradation of the DNA into multiples of 200 base pairs. However, it has Figure 6 DNA degradation in isolated MCF-7 nuclei by bovine pancreatic DNase I. Nuclei were incubated in presence of 2 mM CaCl 2 /2 mM MgCl 2 and increasing concentrations of DNase I. Control incubations were performed in the absence of nuclease in buffers containing either 2 mM EDTA or 2 mM CaCl 2 /2 mM MgCl 2 . Molecular mass markers in kbp as indicated Figure 7 Sytox staining of isolated PaTu 8902 nuclei incubated either in Ca 2+ /Mg 2+ buffer (A) or in buffer supplemented with partially purified mycoplasma nucleases (B) for 20 h at room temperature repeatedly been shown that the morphological alterations are not necessarily accompanied by internucleosomal DNA fragmentation. For instance, apoptosis of cultured fibrosarcoma cells induced in serum-free medium is not paralleled by internucleosomal DNA fragmentation (Watanabe et al, 1995) . Etoposide treatment of the human, androgen-independent prostatic carcinoma cell line DU-145 induces morphological features of apoptosis, but the DNA is only cleaved into 50 kbp units (Oberhammer et al, 1993) . Exposure of MCF-7 cells to the anti-estrogen tamoxifen induces apoptosis morphologically but no DNA degradation into oligonucleosomes (Otto et al, 1996) . Based on our experiments with various cell culture systems we propose that in at least a large number of established cell lines induction of apoptosis does not result in internucleosomal DNA degradation, unless the cells are infected with mycoplasmas. Cleavage of the DNA at internucleosomal sites seems to be restricted mainly to cells of primary cultures or in vivo systems. In the past, this fact may have been overlooked because it was obscured by DNA cleavage into multiples of 200 bp most probably caused by endonucleases expressed by contaminating mycoplasmas .
That mycoplasma contamination of eukaryotic cell cultures may be the rule and not the exception, verify contamination rates of about 85% which were reported when using highly sensitive techniques like PCR (Rottem and Barile, 1993; Rawadi and Dussurget, 1995) . Five mycoplasma species, namely M. hyorhinis, M. orale, M. arginini, M. fermentans and Acholeplasma laidlawii, Inhibition by zinc chlorid. In the last series, measurements were performed in the presence of 1 mM CaCl 2 and 1 mM MgCl 2 (=100% DNase activity) Figure 9 Photometric determination of the pH dependence of the activity of the mycoplasma nucleases. As substrate native, double stranded calf thymus DNA was employed account for more than 95% of the isolates (McGarrity et al, 1992) . Analysis of the nucleases of various mycoplasma species by the zymogram technique revealed that the most consistent feature is a set of nuclease activities in the 35 ± 70 kDa range (Minion et al, 1993) . The species expressing this pattern includes M. hyorhinis and M. fermentants. An exception represents the species Acholeplasma laidlawii which is characterized by nucleases with molecular masses of about 100 kDa.
The molecular masses of the nucleases which were detectable in supernatants, cell homogenates and nuclear extracts of M. hyorhinis-infected PaTu 8902 cells were in the range of 47 ± 54 kDa. As we have shown recently, the expression of these nucleases was suppressed in the presence of chloramphenicol, an inhibitor of prokaryotic protein synthesis . Under`normal' conditions, the mycoplasma nucleases were harmless for the host cells. After cellular stress like inhibition of eukaryotic protein synthesis or treatment with the microtubule-depolymerizing drug vinblastin, they apparently enter the cell and cleave the chromatin into oligonucleosomal sized fragments . This exactly mimics the situation of a cell system in which induction of apoptosis is accompanied by DNA fragmentation catalyzed by endogenous nucleases. Furthermore, homogenates of detached cells of infected cultures under stress exhibited increased levels of nuclease activities compared to those of untreated cells. We assume that this increase resulted from either an increased stickiness of mycoplasmas to damaged cells and/or an increased plasma membrane permeability for mycoplasmas or their nucleases. As long as mycoplasma contaminations are not taken into consideration, such results will erroneously be interpretated as an upregulation of endogenous apoptotic nucleases.
To our knowledge, there exist no investigations about the distribution of mycoplasma nucleases in eukaryotic cell systems. Using`pure' prokaryotic cultures, Tyron and Baseman (1992) have shown that mycoplasmas growing on DNA containing agar plates produce clear zones around the colonies indicating that nuclease activities were soluble and secreted. On the other hand, Minion et al (1993) found in localization studies that the majority of the nucleases was associated with the bacteria. For example, the species M. pulmonis contains an external, membrane-bound nuclease activity, which constitutes approximately 20% of its total DNase activity (Minion and Goguen, 1986) . The species M. penetrans exhibits two forms of nuclease activity: a 50 kDa enzyme which was suggested to be an integral membrane protein, and a 40 kDa nuclease as peripherial membrane protein which could easily be liberated by washing the cells with isotonic buffer (Bendjennat et al, 1997) . In eukaryotic cultures, M. hyorhinis grow like most mycoplasma species as surface parasites strongly attached to the host cell membrane (Razin and Jacobs, 1992) . Based on our data indicating different quantitative distributions of the three mycoplasma nucleases in cell homogenates and supernatants of eukaryotic cultures, we assume that the lower band dominating in the supernatant is a secreted variant, whereas the upper and middle bands of the nuclease triplet represent bacterial-associated or`intrabacterially' located forms.
Nuclease activities were also detected in nuclear extracts of mycoplasma positive cells. However, the specific nucleolytic activity of the nuclear extracts was comparable or even lower to that of cell homogenates. It was not increased in nuclear extracts as one would expect in case of a specific nuclear localization of the enzymes. We therefore suspect that the endonucleases present in nuclear extracts are due to either nucleases contamination by the culture supernatants or originated from mycoplasmas attached to plasma membranes of the host cells. Indeed, only the nuclei isolated from infected cells exhibited internucleosomal DNA cleavage after incubation with Ca 2+ -and Mg 2+ -ions. Therefore the use of nuclear extracts as source for the isolation and/or characterization of apoptotic nucleases as it has been reported by Ucker et al (1992) , Deng and Podack (1995) , Sokolova et al (1995) or Zhang et al (1995) does not exclude the possibility of a contamination with mycoplasma nucleases.
The biochemical characterization of nucleases partially purified from serum-free supernatants of mycoplasma- Figure 10 Two-dimensional zymogram analysis of partially purified mycoplasma nucleases. M: molecular mass markers in kDa as indicated Figure 11 Influence of the actin-gelsolin segment 1 complex on the activity of DNase I and mycoplasma nucleases. Measurements were performed in the presence of 1 mM CaCl 2 , 1 mM MgCl 2 and concentrations of actin-segment 1 complex as indicated. Dotted columns: bovine pancreatic DNase I (100 ng/ml); striped columns: enriched mycoplasma nucleases infected cultures revealed, that the prokaryotic enzymes possess many characteristics similar to the eukaryotic apoptotic enonuclease(s) like a neutral to weakly basic pH optimum and the requirement of both Ca 2+ -and Mg 2+ -ions in the mM range for full activity. Furthermore, the mycoplasmal endonucleases were inhibited in presence of Zn 2+ -ions, EGTA and EDTA. Indeed, another mycoplasmal endonuclease, the 40 kDa nuclease purified from M. penetrans, possesses an activity profile which is very similar to that of the M. hyorhinis nucleases: It is able to induce internucleosomal DNA cleavage in isolated substrate nuclei and its activity depends on both Ca 2+ and Mg 2+ , it is inhibited by Zn 2+ , EGTA and EDTA, but not by reducing agents, and it has a pH optimum between pH 7 and 8 (Bendjennat et al, 1997) .
In contrast to the mycoplasma nucleases, purified DNase I was not able to cleave the DNA of substrate nuclei at internucleosomal sites. DNase I requires yet unknown factors contained for example in the nuclear extract of RG-17 cells or serum (Peitsch et al, 1993) to catalyse DNA ladder formation in isolated nuclei. In contrast to the mycoplasma nucleases, DNase I is inhibited by monomeric actin (Lazarides and Lindberg, 1974; Mannherz et al, 1975) . Indeed, inhibition by monomeric actin has been demonstrated for the endonuclease constitutively present in nuclear extracts of thymocytes (Peitsch et al, 1993) and in rat prostatic homogenates (Rauch et al, 1997) .
In summary, our data clearly demonstrate that investigations on apoptotic nucleases in cell culture systems can be dramatically falsified by mycoplasma contaminations. Therefore one has to doubt, whether all apoptotic nucleases described so far in established cell lines were indeed of eukaryotic origin. It will also be necessary to scrutinize experiments claiming induction or inhibition of apoptosis when solely based on DNA-ladder formation. In future experiments using established cell lines, it will be obligatory to exclude mycoplasmal infections by using for instance zymogram techniques to analyze cell culture supernatants of unstimulated cells for the presence of endonucleases and/or to check their expression after treatment with inhibitors of prokaryotic protein synthesis. In addition, it will be important to demonstrate that nucleases identified in cell culture systems also occur in mammalian tissues.
Materials and Methods

Materials
All reagents were of analytical grade and obtained from Sigma (Deisenhofen, Germany) unless otherwise stated.
Cell culture
The breast cancer cell line MCF-7 was maintained in phenolred-free DMEM (Dulbecco's modified Eagle Medium) supplemented with 10% fetal calf serum. The human pancreatic adenocarcinoma cell line PaTu 8902 was cultured in DMEM, 5% aseptical calf serum, 5% horse serum (Gibco, Eggenstein, Germany) . In order to obtain serum-free supernatants, confluent cultures were washed twice with and switched to serum-free DMEM for 2 days.
MTT assay
The percentage of viable cells was determined using the MTT assay. In this colorimetric procedure, MTT (3-(4,5dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) is reduced by intracellular dehydrogenases of viable cells. MTT was added to PaTu 8902 cells (cultured on TC dishes, 35 mm in diameter) to a final concentration 0.5 mg/ml and incubated for 3 h at 378C. After removing the culture medium the converted dye was solubilized in 500 ml isopropanol. Lipids originating from cellular membranes, which may cause a turbididy increase of the solution, were removed by centrifugation (17 530 g, 20 min). Finally, the O.D. was measured at 570 nm.
Isolation of nuclei
Nuclei were isolated either from PaTu 8902 or MCF-7 cells. Nuclei isolated from both cell lines gave comparable results in DNA fragmentation assays and morphological studies. Since the preparation of nuclei from MCF-7 cells resulted in higher yield and purity (separation from cytoplasmic remnants), this cell line was preferentially employed for nuclei isolation.
Isolation of nuclei was performed as described by Almendral et al (1988) . Trypsinized cells of a confluent 75 cm 2 bottle were washed with PBS, centrifuged and resuspended in 1 ml lysis buffer (10 mM Tris-HCl, pH 7.6, 10 mM NaCl, 3 mM MgCl 2 , 0.5% Nonidet P-40). After incubation on ice for 5 min the cells were disrupted by 10 strokes with a glass/teflon homogenizer. Cell debris and nuclei were separated by density gradient centrifugation using 4 ml of 15 mM Tris-HCl, pH 7.6, 0.7 M sucrose, 60 mM KCl, 15 mM NaCl, 0.5 mM spermidine, 0.15 mM spermine, 2 mM EDTA, 0.5 mM EGTA (ethylene glycolbis(b-aminoethyl ether)N,N,N,N'-tetraacetic acid), 0.65 mM DTE (dithioerythritol), 0.1% Triton-X-100. The obtained nuclei were resuspended to a concentration of 2 ± 4610 7 nuclei/ml in 50 mM Tris-HCl, pH 7.6, 5 mM KCl, 0.1 mM EDTA and stored on ice. For longer storage at 7208C, they were additionally mixed with one volume glycerol.
Cell homogenates and nuclear extracts
Floating or trypsinized cells were pelleted by centrifugation, washed with PBS and resuspended in homogenisation buffer (10 mM Tris-HCl, pH 8.0, 5 mM 1-O-octyl-b-glucopyranosid, 0.5 mM PMSF [phenylmethylsulfonyl fluoride], 1 mM EDTA). Subsequently the cells were broken up by three cycles of freezing and thawing. 10 7 nuclei were pelleted by centrifugation and resuspended in 20 ml 20 mM HEPES, pH 7.9, 25% glycerol, 600 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT (dithiothreitol), 0.5 mM PMSF. Then the nuclei were incubated for 60 min on ice and occasionally thoroughly mixed on a vortex mixer. Solubilized nuclear proteins and DNA were separated by centrifugation (10 min, 12,0006g). Protein concentration was measured as described by Bradford (1976) .
DNA staining of isolated nuclei with SYTOX TM Green nucleic acid stain (S-7020) 2610 5 nuclei were diluted in two volumes 10 mM HEPES pH 7.0, 40 mM b-glycerophosphate, 50 mM NaCl, 3 mM CaCl 2 and 3 mM MgCl 2 . After addition of 5 ml 20 mM Tris-acetate, pH 7.8 (control) or 5 ml enriched mycoplasma nucleases, the mixtures were incubated overnight at room temperature (RT). For fixation 20% formaldehyde was added to a final concentration of 2%. After 20 min the nuclei were applied to coverslips and allowed to dry for at least 2 h. The nuclear DNA was stained with 50 nM SYTOX (Molecular Probes, Inc., Leiden, Netherlands) in PBS for 15 min and excess dye was removed by three washes with PBS. Finally, the nuclei were embedded in Mowiol and examined in a Leitz confocal lasermicroscope. The SYTOX/DNA complex has excitation and emission maxima at 504 nm and 523 nm, respectively.
Detection of nuclease activity
One dimensional zymogram After separating the proteins by SDS ± PAGE in 12% gels containing 100 mg/ml calf thymus DNA, the nucleases were activated by soaking the gels in 40 mM Tris-HCl, pH 8.0, 5 mM CaCl 2 , 5 mM MgCl 2 , 3% delipidated milk powder. DNA was stained with ethidium bromide (0.5 mg/ml) and visualised with UV-light. In order to distinguish bands caused by nuclease catalysed DNAdegradation from those due to mere DNA-binding, the zymogram gel shown in Figure 1A was soaked in 1% SDS, extensively washed with H 2 O and subsequently restained with ethidium bromide. Finally the gels were stained with Coomassie brilliant blue.
Two dimensional zymogram Isoelectric focusing (IEF) was performed using the Mini Protean II system (Bio Rad, Munich, Germany). Proteins were separated in a pH gradient of 3 ± 10 in the presence of urea according to O'Farrel (1975) . Subsequently the gels were cut into stripes, soaked in sample buffer (62.5 mM Tris-HCl, pH 6.8, 5% SDS, 30 mM DTE, 4 mg/ml bromophenol blue) and layered on 12% SDSpolyacrylamide gels containing 100 mg/ml DNA. The following procedures were as described for`one dimensional zymogram'.
Photometric assay Activity was estimated by measuring the change of absorbance at 260 nm using 400 ml of a solution containing 50 mg/ ml calf thymus DNA as substrate in 10 mM Tris-HCl, pH 7.6, containing EDTA, CaCl 2 , MgCl 2 , MnCl 2 or ZnCl 2 in concentrations as indicated and 100 ml partially purified mycoplasma nucleases. One Kunitz unit corresponds to an increase in absorbance at 260 nm of 0.001/min/ml (Kunitz, 1950) .
DNA degradation in isolated nuclei
2610 5 nuclei were pelleted by centrifugation and resuspended in 200 ml 40 mM Tris-HCl, pH 7.6, containing EDTA or MgCl 2 /CaCl 2 at the concentrations given. After addition of 5 ± 10 ml sample, the mixtures were incubated overnight at room temperature or at 378C as indicated. Proteins were digested by addition of proteinase K at a final concentration of 0.4 mg/ml. DNA was pelleted with isopropanol, washed with ethanol, dried and separated in 1% agarose gels in Trisborate-EDTA buffer.
Puri®cation of mycoplasma nucleases by chromatography using a S Sepharose Fast Flow column 220 ml serum-free culture supernatant of mycoplasma-infected PaTu 8902 cells was loaded on a 50 ml S Sepharose Fast Flow column (Pharmacia, Freiburg, Germany) equilibrated with 20 mM Tris-acetate, pH 7.8. Elution was performed with a linear gradient of 0 ± 1 M NaCl in 20 mM Tris-acetate, pH 7.8. About 80 fractions of 10 ml were collected and screened for nuclease activity by the photometric assay and the zymogram technique. Fractions containing high levels of nuclease activity were pooled and concentrated by pressure dialysis in an Amicon cell (Amicon, Witten, Germany).
Production of actin-gelsolin segment 1 complex
For the production of actin-gelsolin segment 1 complex equimolar amounts of gelsolin segment 1 and skeletal muscle actin (kindly provided by Dr. E. Ballweber, Bochum) were mixed and incubated in buffer G (5 mM HEPES, pH 7.4, 0.1 mM CaCl 2 , 0.2 mM ATP, 0.2 mM NaN 3 ) overnight on ice.
